When cephaloridine was introduced in 1964 it was thought to be a promising antibiotic for the treatment of infections with penicillin-resistant strains of Staphylococcus aureus in patients who could not be given methicillin because they were allergic to all the penicillins (Muggleton, O'Callaghan, and Stevens, 1964; British Medical Journal, 1964) . It appeared to have a somewhat greater activity against staphylococci than cephalothin, and had the additional advantage that its activity was not impaired by serum (Barber and Waterworth, 1964) .
The results of in vitro sensitivity tests by a variety of methods gave rise to differences of opinion on the probable effectiveness of cephaloridine in the treatment of infections with Staph. aureus strains that formed large amounts of penicillinase. Some workers reported that all Staph. aureus strains were sensitive to low concentrations of the antibiotic (Muggleton et al., 1964; Murdoch, Speirs, Geddes, and Wallace, 1964; Thornton and Andriole, 1966; Vymola and Hejzlar, 1966) . Others found that a proportion of penicillinase-forming cultures, when tested with large numbers of staphylococci, were resistant to conReceived for publication 20 September 1967. 75 centrations of antibiotic higher than were easily attainable in the body (Ridley and Phillips, 1965; Benner, Bennett, Brodie, and Kirby, 1965) . Barber and Waterworth (1964) had observed a several-fold increase in the minimum inhibitory concentration (M.I.C.) of cephaloridine for some strains of Staph. aureus when the size of the inoculum was increased 500 times, and attributed this to destruction of the antibiotic by staphylococcal penicillinase. Cephalothin, on the other hand, was less susceptible to inactivation by penicillinase-forming staphylococci (Benner et al., 1965) .
Cross resistance between methicillin and the cephalosporins has also been reported (Barber and Waterworth, 1964; Benner et al., 1965; Ridley and Phillips, 1965) , and Baudens, Gerbaud, and Chabbert (1965) observed that penicillinase-negative variants of methicillin-resistant staphylococci retained their resistance to cephalothin.
We report our experience with testing the resistance of 28 penicillin-resistant strains of Staph. aureus to benzylpenicillin, methicillin, cephalothin, and cephaloridine. Penicillinase-negative variants were selected from each of the cultures, and were tested similarly, to determine the part played by staphylococcal penicillinase in their resistance to the four antibiotics.
MATERIALS AND METHODS
CULTURES Twenty-eight epidemiologically distinct penicillinase-forming strains of Staph. aureus were chosen to include some that were resistant only to penicillin, some that were also resistant to antibiotics unrelated to penicillin (multiple-resistant staphylococci), and some that were resistant to methicillin. Penicillinase-negative variants were obtained from each of them by the method of Dyke, Jevons, and Parker (1966) . The phage-typing pattern of each penicillinase-negative variant was indistinguishable from that of its parent strain. When the original culture was resistant to one or more antibiotics unrelated to penicillin, loss of penicillinase was not accompanied by the loss of resistance to any of the other antibiotics.
The amount of penicillinase produced by the original cultures under standard conditions of induction was measured by the method of Richmond, Parker, Jevons, and John (1964) , and the result expressed in units which related it to the penicillinase production of a standard culture. (Jevons, Coe, and Parker, 1963) Blotting-paper discs, 6 mm. in diameter and each containing 10 jsg. methicillin, were placed on nutrient agar plates previously inoculated with drops of undiluted six-hour nutrient broth cultures which were spread over sectors of the plate. The zone of inhibition was measured, and the presence or absence of colonies within the zone was recorded, after incubation for 18 hours at 37°C.
3 Test for methicillin resistance on salt agar (Barber, 1964) Small drops (about 0-002 ml.) of undiluted six-hr. broth cultures were placed with a mechanical applicator on the surface of plates of nutrient agar to which 5% w/v sodium chloride and 10 pg./ml. methicillin had been added. The viable count of the inoculum was about 10'.
If any growth appeared after 18 hours at 37°C. the culture was considered to be methicillin resistant, but most resistant strains gave confluent growth.
From the results of these tests, the cultures were placed in one of three categories (see Table I ).
A METHICILLIN RESISTANT, MULTIPLE-ANTIBIOTIC RESISTANT Cultures which showed some, though sometimes slight, reduction in the radius of the zone of inhibition around a methicillin disc and grew on the methicillin-salt agar plate. Confirmation that these cultures possessed 'heterogeneous' resistance to methicillin (Chabbert and Baudens, 1962; Baudens et al., 1965) , that is to say, consisted of individuals differing greatly in their resistance to the antibiotic, was obtained in the course of this work, when it was found that all of them, and no others in the series, grew in 42 hours in the presence of at least 25 jsg./ml.
methicillin (see Sutherland and Rolinson, 1964 In experiments on the effect of the size of the inoculum on the M.I.C., five serial 10-fold dilutions were made from the original broth culture which had been standardized by measurement of the optical density, and the inoculum size was verified by surface viable count. For each culture, all M.I.C. determinations were made with all the antibiotics in the same experiment.
Some tests were done by a method in which the antibiotic was diluted in nutrient agar. Agar plates were prepared by adding 1 ml. quantities of antibiotic dilution to 50 ml. molten nutrient agar (Oxoid nutrient broth no. 2 + 1.2% New Zealand agar) at 45-50'C. Two plates were prepared from each batch of medium and were dried for one hour at 371C. Broth culture suspensions of staphylococci were placed as drops on the surface of the plate, and the size of the inoculum was in each case checked by performing a viable count. Inocula were placed on the plates as drops either with a mechanical applicator (volume 0-002 ml.: approximate area 7 sq. mm.) or from a standard pipette (volume 0-02 ml.: approximate area 80 sq. mm.). The plates were incubated at 37°C. for 24 hours. The lowest concentration of antibiotic which reduced the growth from confluent to less than 20 colonies, and the lowest concentration which gave complete absence of growth, were recorded. With benzylpenicillin, the range of M.I.C.s observed was very wide. The organisms giving low results were generally methicillin-sensitive strains which had low penicillinase factors determined by the method of Richmond et al. (1964) , but the correspondence was not absolute.
Most of the penicillinase-producing but methicillin-sensitive cultures were rather more resistant to methicillin than the Oxford staphylococcus, but the difference was with one exception only two-to fourfold. The distinction between methicillin-sensitive and methicillin-resistant cultures could not, however, be made clearly by this test (see Dyke, Jevons, and Parker, 1966) ; two of the strains considered on other grounds to be methicillin-resistant had a lower M.I.C. than one of those considered to be sensitive.
With cephalothin, no methicillin-sensitive organism had an M.I.C. exceeding eight times that of the Oxford staphylococcus, i.e., greater than 1 6 pg./ml., but seven of the nine methicillin-resistant organisms had M.I.C.s in the range 3-1-25 ,ug./ml.
The M.I.C. of cephaloridine for methicillinsensitive, penicillinase-forming staphylococci showed rather more scatter, and over half of the multipleresistant strains (category B) appeared to be 16 to 32 times more resistant than the Oxford staphylococcus, but the absolute values for the M.I.C. appeared to be considerably lower than those recorded by several other workers who used inocula in the range 105-106. For example, Benner et al. (1965) , who used a tube-dilution method, and Ridley and Phillips (1965) , who used a plate-dilution test, both found a proportion of cultures with M.I.C.s up to 25 ,ug./ml. Table II also shows, in parenthesis, the results of re-reading the tests after incubation for a further 18 hours. The M.I.C. of all four antibiotics for the methicillin-resistant organisms had increased considerably at 42 hours; with benzylpenicillin all, and with methicillin all but one, were 200 ,ug./ml. or more; with cephalothin the M.I.C.s were in the range 12-5-50 ,tg./ml. The least increase was with cephaloridine, and the highest M.I.C. at 42 hours was 12 5 jig./ml. With the methicillin-sensitive cultures, little increase in the M.I.C. of methicillin occurred on further incubation, and the increase in the M.I.C.s for cephalothin and cephaloridine was, on average, only two-to fourfold.
The results shown in Table II 
with one organism were carried out with the same dilutions of a single culture. The organisms included one methicillin-resistant strain (category A), two multiple-resistant strains (category B), and two strains resistant only to penicillin (category C). One strain each from categories B and C produced large amounts of penicillinase (factor = > 09). The results are expressed as a ratio M.I.C. observed M.I.C. of the Oxford staphylococcus with inoculum 106 organisms and the rate of increase of this ratio with increasing inoculum size was used as a measure of the 'inoculum effect'. The M.I.C. of the Oxford staphylococcus was relatively independent of the size of the inoculum, and in no case showed an increase exceeding fourfold between 101 and 106.
With benzylpenicillin, all five cultures showed a large inoculum effect, usually most marked at the upper end of the range (104-107). The magnitude of this effect was not very closely correlated with the penicillinase factor determined by the method of Richmond et al. (1964) Five penicillin-resistant cultures were used, together with the Oxford staphylococcus. Three had been used in the previous experiment (nos. 1, 2, and 4) and two were methicillin-resistant (nos. 1 and 6). The M.I.C. was determined by a plate-dilution method with two inocula, one of 105 organisms in the form of small drops, of about 7 sq. mm. area, applied with a mechanical applicator, and the other of 106 organisms in a drop of about 80 sq. mm. area.
The experiment was performed twice, with inocula from six-hour and from 24-hour broth cultures. A tube-dilution test with an inoculum of 106 organisms from the six-hour broth cultures was carried out at the same time.
The results are shown in Table IV . There was little difference between the results obtained with inocula from six-hour and 24-hour broth cultures. On the whole, however, rather higher M.I.C.s were obtained by the plate test than by the tube test with comparable inocula. The difference was small if the endpoint in the plate-dilution test was taken as the lowest concentration of antibiotic which reduced growth from confluent to less than 20 colonies. When, however, the end-point was complete absence of growth, as employed by Ridley and Phillips (1965) , the M.I.C.s observed were x 2 to x 8 greater than those obtained in the tube-dilution test, even with the methicillin-sensitive organisms.
In a few tests in which inocula of 106 organisms (25) 3-1 (6 25) 3-1 (6 25) The Oxford staphylococcus is included as a control. All results read at 24 hr. Plate-dilution method: first figure is the lowest concentration which reduced growth to 20 colonies or less; in parentheses is the lowest concentration on which there was no growth. Category Culture (see Table I ) (hr.) were deposited on a small area of the plate with the mechanical applicator, no M.I.C. exceeding 6-25 ,ug./ ml. was obtained. It seemed, therefore, that the high results obtained by Ridley and Phillips (1965) were not due to the fact that in their tests the organisms were concentrated on a small area of the plate.
INTRINSIC RESISTANCE TO PENICILLINS AND CEPHALO-SPORINS OF THE PENICILLINASE-NEGATIVE VARIANTS
Minimal inhibitory concentrations of the four antibiotics for the penicillinase-negative variants were determined with inocula of 106 after 24 and 42 hours' incubation (Table V) . (1) (6) (4) (2) C 6 3 2 1 (1) (2) (3) Table I .
2 1 3 1 1 1
( 1) ( 1) the presence of considerable amounts of cephaloridine is generally attributed to the destruction of the antibiotic by staphylococcal penicillinase. Cephalothin, on the other hand, appears to be considerably more resistant to this enzyme. We agree with these conclusions, although the M.I.C.s of cephaloridine in our tests were considerably lower than some of those recorded by other observers. This we attribute to relatively small differences in technique.
Most of the 'inoculum effect' on the M.I.C of cephaloridine for active producers of penicillinase is in the upper part of the range of inocula (Table III) . Unless great care is taken in the standardization of the number of organisms used in the tube-dilution test, the M.I.C. for a large inoculum of an active producer of penicillinase may vary as much as fourto eightfold on repeated examination. When carefully standardized inocula were used, the results depended to some extent on the method of testing and on the way in which the end-point was read (Table IV) . Benner et al. (1965) drew attention to the fact that, in pour plates containing sufficient cephaloridine to inhibit most of the bacterial population, a small proportion of cells survived and formed colonies, although the survivors appeared to have the same susceptibility as the parent strain. If, in an agar-dilution test, the end-point is taken as complete absence of growth, the M.I.C. may be several times greater than that observed in a tube-dilution test with a similar inoculum.
The conclusion we draw from our observations is not that Staph. aureus strains which produce much penicillinase are really more 'sensitive' to cephaloridine than had been supposed by the workers who observed some higher M.I.C. values, but that the M.I.C. is unlikely to be of much value in predicting the effectiveness of treating staphylococcal infections with cephaloridine. If resistance to an antibiotic is due to tolerance, it may be relatively easy to relate the conditions of an in vitro test to the expected action of an antibiotic in a staphylococcal lesion. If, however, it is due to the destruction of an antibiotic by the organism, and particularly if the destructive enzyme is inducible, it is very difficult to decide which in vitro conditions of testing are relevant. Little is known about the formation of penicillinase by Staph. aureus in the body, but it appears to be influenced not only by the properties of the organism but also by the nature of the lesion (Eyckmans and Tompsett, 1965; Eyckmans and Hook, 1966) . Unfortunately the conditions under which cephaloridine might have been of greatest use, i.e., in the treatment of serious infections with multiple-resistant 'hospital' staphylococci, are those in which there are the greatest doubts about its probable effect, because these strains are the ones most likely to produce large amounts of an efficient penicillinase (Richmond et al., 1964; Dyke and Richmond, 1967) . In any event, it is quite clear that cephaloridine should not be used alone for the treatment of generalized staphylococcal infections due to penicillinaseproducing organisms (Burgess and Evans, 1966; British Medical Journal, 1967) , and that its use in combination with other antibiotics should be controlled by tests of bactericidal action.
Routine disc-sensitivity tests are of limited value in predicting the usefulness of cephaloridine for the treatment of infections due to penicillinase-producing staphylococci. The Association of Clinical Pathologists (Barber and Stokes, 1966) recommend the use of a 25 ,ug. cephaloridine disc for sensitivity tests, but point out the difficulty of interpreting the results with penicillinase-producing staphylococci. With 
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such discs we find that a clear distinction can be made between penicillinase-producing and penicillinase-negative cultures. However, to subdivide the penicillinase producers, on the basis of the diameter of the zones of inhibition, into sensitive, moderately resistant, and resistant to cephaloridine, is misleading. Narrowing of the zone of inhibition may be due to the production of penicillinase, or to the presence of 'heterogeneous', i.e., methicillin, resistance, or to both, and the diameter of the inhibition zone is in each case greatly affected by the size of the original inoculum.
Observations on the penicillinase-negative variants (Table V and Fig. 2 ) support the view that the resistance of methicillin-sensitive, penicillinaseforming strains of Staph. aureus to cephalosporins is due mainly to the action of the penicillinase. However, some of these variants, particularly those obtained from multiple-resistant staphylococci, did appear also to possess, by comparison with the Oxford staphylococcus, a slightly increased intrinsic resistance to all penicillins and cephalosporins (Dyke, Jevons, and Parker, 1966) . That this property was qualitatively different from the 'heterogeneous' resistance ofthe methicillin-resistant strains (Baudens et al., 1965 ) is shown by the relatively slight increase in M.I.C. of the antibiotics for penicillinase-negative variants of the methicillin-sensitive organisms when the tubes were incubated for a second day (Sutherland and Rolinson, 1964) .
Several workers have observed that methicillinresistant cultures of Staph. aureus have an increased resistance to cephaloridine and cephalothin. Penicillinase-negative variants of methicillin-resistant staphylococci have an intrinsic resistance to benzylpenicillin which is of the 'heterogeneous' type Baudens et al., 1965) . The behaviour of the penicillinase-negative variants of nine distinct methicillin-resistant strains of Staph.
aureus indicates that these strains are also tolerant for cephaloridine and cephalothin. The increase in M.I.C. on incubation for a second day suggests that the resistance of these strains to the action of both penicillins and cephalosporins is of the 'heterogeneous' type.
